A new method of mechanical axis planning has recently been suggested to aid in corrective surgery for hallux valgus (HV) deformity, which aims to identify the ideal position for the first metatarsal after correction. We investigated the influence of the mechanical axis angle (MAA) correction on the outcomes of corrective HV surgery. We reviewed 50 radiographs to identify the "normal" MAA range within the population. We also reviewed the medical records of 100 patients who had undergone scarf osteotomy at our institution from January 2011 to December 2013. These patients were segregated into 2 groups according to their postoperative MAA: those within the normal range (normal group) and those outside this range (outlier group). We compared the pre-and postoperative functional scores between the 2 groups using statistical analysis. The normal MAA range within our population was 12.5°± 0.8°(range 11.0°to 14.3°). We found that the physical component summary score of the short-form 36-item health survey was significantly poorer for the outlier group at 6 and 24 months postoperatively compared with the normal group, although the other postoperative scores were comparable. Surgical correction of the MAA to the normal range of the patient population can be recommended because it provides improved quality of life. However, further studies are required to investigate the influence of MAA planning on other standardized foot and ankle scores.
the intermetatarsal angle (IMA), also known as the M1-M2 anatomic axis angle, which is formed by bisecting the first and second metatarsal shafts.
The IMA has been the most-often used measure to choose the correct surgical procedure; however, the final position of the first metatarsal has varied among foot and ankle surgeons, with the postoperative position ranging from 0°to 12°. Recently, LaPorta et al (4) described the M1-M2 mechanical axis angle (MAA), seeking to provide foot and ankle surgeons with a simpler method for preoperative planning. They reported that using the MAA would allow surgeons to determine the amount of angular and translational correction necessary for the surgical procedure of their choice. They concluded that correction of the HV deformity to a normal value of 11°would result in restoration of the mechanical axis of the medial column and thus correction of the deformity. However, they did not investigate if restoration of the MAA to normal value correlated with functional outcome and quality of life after HV surgery (4) .
The lack of studies reporting the effect of the MAA on the outcomes after HV surgery inspired us to evaluate the normal MAA in our population, whether this value will vary across different populations, and the influence of a normal MAA versus otherwise on the functional outcome and quality of life.
We hypothesized that correction of the M1-M2 MAA toward the norm (i.e., correction toward the MAA found in unaffected patients) would result in better postoperative outcomes. Such a finding would support its use in preoperative radiographic evaluation and planning for HV deformity surgery.
Patients and Methods
The hospital's ethic committee (central institutional review board approval no. 2015/ 2107) approved the present study, which was performed in accordance with the ethical standards from the 1964 Declaration of Helsinki. All the patients provided informed consent.
From January 2011 to December 2013, 100 female patients who had undergone scarf osteotomy and had postoperative weightbearing dorsoplantar (DP) radiographs of the affected foot available were included in the present study. Our indications for surgery were pain and deformity, and the goals of surgery were relief of pain and correction of the deformity. Those patients who smoked or had preexisting peripheral vascular disease were excluded from the present study. Patients with a diagnosis of rheumatoid arthritis or hallux rigidus and those who had undergone revision surgery for recurrent symptomatic HV were also excluded from the present study.
Weightbearing DP radiographs of the affected foot were performed with the patient standing on both feet with the knees in full extension. The X-ray beam was inclined 20°from the vertical in the sagittal plane at a distance of 100 cm. The direction of the X-ray beam was vertical to the cassette in the coronal plane and centered onto the third metatarsal.
A single assessor (M.L.) performed all radiographic measurements for both groups of patients on computer-based digital radiographic films. The assessor was kept unaware of the clinical details and had not participated in the care of any of the patients. Evaluation of the HV angles using the picture archiving and communication systems has been shown to have excellent inter-and intraobserver agreement (5, 6) .
The HV mechanical axis was measured using the technique described by LaPorta et al (4) . The definition of the mechanical axis used was that of a straight line connecting the joint centers of the proximal and distal joints and the anatomic axis as the middiaphyseal line (7) .
Several points were determined on the weightbearing DP radiographs of the affected foot (Fig. 1) . Point A was defined as the center of the proximal phalangeal base, point B as the center of the first metatarsal head, point C as the center of the second metatarsal phalangeal joint, and point D as the dorsal lateral proximal corner of the medial cuneiform. Two lines were drawn tangent to the curvature of the talar head and a line was then drawn perpendicular to each tangent line. The intersection of the 2 perpendicular lines was taken as the center of the talar head, defined as point E.
The mechanical axis of the medial column (talus, navicular, medial cuneiform, and first metatarsal) was represented by a line connecting the center of the talar head to the center of the base of the proximal phalanx (line EA). In a normal foot, this line would be parallel to the anatomic axis of the medial column (i.e., bisection of the first metatarsal shaft).
Another line was then drawn to connect the center of the talar head to the center of the second metatarsal phalangeal joint (line EC). Thus, the angle AEC represents the M1-M2 MAA.
In addition to the M1-M2 MAA, the pre-and postoperative HV angle (HVA) and IMA were determined by the same reviewer (M.L.) (Fig. 2) . To improve the accuracy of measuring these angles, the reviewer (M.L.) used reference points on the first and second metatarsals and on the proximal phalanx of the hallux using a technique described by Coughlin et al (8) . The HVA was subtended by lines bisecting the long axes of the first metatarsal and the proximal phalanx. The IMA, or M1-M2 anatomic axis angle, was subtended by lines bisecting the long axes of the first and second metatarsals.
A fellowship-trained foot and ankle surgeon performed all the surgeries. Two cannulated, self-tapping, headless compression screws were used to fix the metatarsal shaft scarf osteotomy cuts (9-11). The modified McBride soft tissue procedure was then performed, which involved release of the adductor hallucis from the base of the proximal phalanx of the big toe, release of the lateral sesamoid-phalangeal ligament, lateral capsulotomy, and medial capsular imbrication after excision of the bunion (12, 13) .
Under the same anesthesia setting, an Akin osteotomy was also performed for patients with associated HV interphalangeus. A staple was then used to fix the proximal phalanx medial closing wedge osteotomy. Similarly, Weil osteotomy of the lesser toes was also performed for patients with associated metatarsalgia. The osteotomy cuts were then fixed with cannulated, self-tapping, headless compression screws. An independent healthcare professional (H.C.C.) reviewed the patients at 3 separate points: preoperatively and at 6 and 24 months postoperatively. Several outcome scores were recorded at each of these points, including the visual analog scale (VAS) for assessment of pain, the American Orthopaedic Foot and Ankle Society hallux metatarsophalangeal (MT)-interphalangeal (IP) scale (AOFAS hallux MTP-IP scale), and the short-form 36-item health survey physical component summary (PCS) and mental component summary (MCS).
The VAS was scored from 0 to 10, with 0 indicating no pain and 10, the worst possible pain (14) . It has been shown to have good validity and internal consistency when used as a measurement of pain.
The AOFAS hallux MTP-IP scale was scored from a total score of 100, with 40 points assigned to pain, 45 to function, and 15 to alignment (15) . Thus, a full score of 100 points represents no pain, with a full range of MTP and IP motion, no MTP or IP instability, and good alignment. The AOFAS hallux MTP-IP scale has also been shown to have high reliability, validity, and responsiveness in clinical use (16, 17) . The short-form 36-item health survey is a multipurpose short-form health survey consisting of 8 subscales: physical functioning, physical role, bodily pain, general health, vitality, social functioning, emotional role, and mental health. It yields 2 higher order summary scores, the PCS and MCS. The PCS has been shown to correlate well with physical functioning and bodily pain, and the MCS has been shown to correlate well with mental health and social functioning. Furthermore, these 2 summary scores have been shown to have high test-retest reliability estimates when used in a general population.
To determine the normal value for the MAA in our population, a preliminary study was conducted. We reviewed the preoperative weightbearing DP radiographs of 50 female patients with a diagnosis of plantar fasciitis who had sought treatment at our tertiary hospital. These 50 patients had not complained of symptomatic HV clinically and the IMA and HVA measurements on their radiographs were normal.
The mean MAA was 12.5°± 0.8°(range 11.0°to 14.3°) for these 50 patients. Therefore, we defined the normal MAA range as 11.0°to 14.0°for the present study. Those patients with an MAA out of this range were included in the outlier group.
Statistical Analysis
We performed a power analysis before conducting the present study, which was based on the difference in the PCS score at the 24-month follow-up point. The minimal clinically important difference for the PCS score was found to be 5 points (18) . The prevalence of outliers for the MAA after scarf osteotomy was assumed to be 40.0%; therefore, a 3:2 allocation ratio was used. To detect a difference of 5 points in the PCS score from a baseline mean score of 51 and standard deviation of 9 at a power of 0.80, a sample size of ≥52 patients in the normal group and 34 patients in the outlier group would be required. This calculation was performed using a 2-sided test with a type I error of 0.05. After including the female patients who had undergone scarf osteotomy from 2011 to 2013 and had postoperative weightbearing DP radiographs of the affected foot available, we had 60 patients in the normal group and 40 patients in the outlier group.
Statistical analysis was performed using SPSS ® , version 19.0 (IBM, Armonk, NY) in consultation with our in-house biostatistician. Statistical significance was defined as a p value of < .05. The Student t test was used for quantitative variables (age, body mass index [BMI], HVA, and IMA), and the Fisher exact test was used for categorical variables (side of operation, concomitant Akin and Weil osteotomies). Subgroup analysis using 1-way analysis of variance with the Bonferroni post hoc test was performed to compare the pre-and postoperative MAAs by dividing the outlier group into low and high outliers.
To limit the confounding effect of patient age, BMI, concomitant Akin or Weil osteotomy, and postoperative HVA and IMA, all of which can influence the functional outcome and quality of life scores, we used multiple linear regression analysis to adjust the preoperative and 6-and 24-month follow-up scores observed for the 2 groups. This adjustment effectively accounted for any differences in the distribution of these covariates and their influence on the functional outcome and quality of life scores within the 2 groups.
Results
Of the 100 patients, 60 were in the normal group and 40 were in the outlier group. The patients were 6 ± 2 (95% confidence interval [CI] 1 to 11) years younger in the normal group (p = .02). The BMI, side of operation, and use of concomitant Akin and Weil osteotomy were comparable between the 2 groups (Table 1 ).
In the normal group, the HVA had improved 22.5°± 9.1°, from 30.7°± 9.5°preoperatively to 8.2°± 5.6°postoperatively (p < .001). In the outlier group, the HVA had improved 23.1°± 8.3°, from 33.1°± 10.3°p reoperatively to 10.0°± 7.4°postoperatively (p < .001). The differences in the preoperative, postoperative, and improved values for the HVA between the 2 groups were not statistically significant (p = .226, p = .158, and p = .747, respectively).
In the normal group, the IMA had improved 8.2°± 3.6°, from 14.4°± 3.4°preoperatively to 6.2°± 2.5°postoperatively (p < .001). In the outlier group, the IMA had improved 7.7°± 3.5°, from 15.2°± 4.3°p reoperatively to 7.5°± 4.6°postoperatively (p < .001). The differences in the preoperative, postoperative, and improved values for the IMA between the 2 groups were not statistically significant (p = .23, p = .09, and p = .47, respectively). The mean pre-and postoperative MAAs are listed in Table 2 .
The preoperative VAS, AOFAS hallux MTP-IP scale, PCS, and MCS scores were comparable between the 2 groups (normal and outlier). However, the PCS score at the 6-and 24-month follow-up examinations was significantly poorer in the outlier group (6 ± 2 [95% CI 2 to 10] points less and 5 ± 2 [95% CI 1 to 8] points less, respectively; p = .003 and p = .02, respectively). The VAS, AOFAS hallux MTP-IP scale, and MCS scores were comparable between the 2 groups at the 6-and 24-month follow-up visits (Table 3) . 
Discussion
To the best of our knowledge, the present study is the first single series to evaluate the influence of the MAA on the postoperative outcomes of HV surgery. Our main finding was that correction of the MAA toward the population mean is associated with improved quality of life at both 6 and 24 months postoperatively. However, we found a lack of significant improvement in the postoperative VAS and AOFAS hallux MTP-IP scale scores.
Although the concept of mechanical axis planning is new in HV surgery, its relevance has been explored in other fields of orthopedic surgery, especially in the context of total knee arthroplasty (TKA). The purported benefit of mechanical axis planning in TKA is that of an improved load distribution and, hence, increased implant survivorship. However, the historical usefulness of preoperative mechanical axis planning has come under scrutiny. Recent studies examining the use of computer-assisted surgery for TKA to achieve mechanical alignment have shown only marginal improvement in functional results, with uncertain clinical significance (19) (20) (21) . A randomized controlled trial by Young et al (22) similarly found no difference in patient-reported outcome scores for TKAs implanted using a kinematic alignment versus a mechanical alignment technique. Therefore, it could be important to remember that although usage of mechanical axis alignment might prove to be a useful adjunct in HV preoperative planning, it has yet to show a significant effect on patient outcomes in other fields of orthopedic surgery.
Within the present study, we found that the range of normal MAAs within our population was 12.5°± 0.8°(range 11.0°to 14.3°). In contrast, the range of normal MAAs reported by LaPorta et al (4) was 11.19°± 0.9°(range 9°to 13°). These 2 ranges of "normal" MAAs differ, suggesting that varying ranges of normal are likely to be found in different patient populations. Larger studies are needed to determine a consistent range of normal values across different patient populations, which is necessary for a standardized MAA to be used as an endpoint in HV surgery.
The outcomes of our study suggest that correction of the MAA toward the population mean will have a positive effect on patient quality of life, as evidenced by the statistically significant improvement in the PCS score at both 6 and 24 months postoperatively. However, the postoperative foot-specific score and VAS score were both comparable. Hence, although correction of the MAA toward the population mean can be recommended to foot and ankle surgeons, larger studies of longer duration are required to determine the true effect of MAA correction on other validated patient-reported outcome scores. Furthermore, LaPorta et al (4) plan to continue with a review of frontal and sagittal plane mechanical axis HV deformity correction. This might provide surgeons a more comprehensive method of preoperative planning and, in turn, result in more positive findings. Recently, Wynes et al (23) have described a different method of preoperative planning to determine the precise amount of lateral translation of the first metatarsal capital fragment required to realign the radiographic appearance of the first ray after distal first metatarsal chevron osteotomy. They reported that they were able to achieve statistically significant reductions in the IMA, HVA and tibial sesamoid position with a predetermined amount of lateral shift of the capital fragment (measured on preoperative DP radiographs and executed intraoperatively) (23) . This novel method of preoperative planning opens up a new area of research that aims to reduce the guesswork in foot and ankle surgery.
The strengths of our study included the comprehensive followup protocol for patients at a minimum of 24 months after surgery. Furthermore, all osteotomies for patients with HV deformity were performed by a single surgeon (I.R.S.), reducing the heterogeneity in the surgical technique and postoperative management. Also, to reduce observer bias, the physician who evaluated all preoperative and postoperative radiographs (M.L.) was not involved in patient care and was kept unaware of all patient-reported postoperative outcome scores. Finally, multiple linear regression was used during statistical analysis to account for the confounding effects of age, BMI, concomitant osteotomies, and the other radiologic parameters (i.e., HVA and IMA).
The weaknesses of the present study included that both groups of patients (those with an HV deformity and those without) were recruited from a single hospital, resulting in an inherent selection bias. Also, all the patients studied were female, which, although resulting in a more homogenous patient population, also influenced the applicability of our findings. Finally, our study was retrospective, and future randomized controlled trials might provide greater insight regarding the influence of the MAA on patient outcomes.
In conclusion, preoperative MAA planning can be recommended to foot and ankle surgeons because of the improved postoperative quality of life, although no significant improvement was detected in the postoperative VAS or AOFAS hallux MTP-IP scale scores. Our study found that the normal MAA range within our patient population was 12.5°± 0.8°(range 11.0°to 14.3°). Larger prospective studies are required to determine a standardized normal MAA range across different patient populations and to determine the long-term effect of MAA correction on patient outcomes. 
